We have recently demonstrated that tumor necrosis factor alpha (TNF-a) and interleukin-2 (IL-2) downregulate the hepatic steady-state content of hepatitis B virus (HBV) mRNA in vivo in HBV-transgenic mice and that the IL-2 effect is mediated by TNF-o. In the current study, we demonstrate that IL-2-induced downregulation of hepatic HBV 2.1-kb mRNA is not due to changes in the transcription rate or the intranuclear maturation or export of this transcript but that it is selectively and profoundly depleted from the cytoplasm of the liver cells in vivo following IL-2 administration. Collectively, these results suggest that IL-2 alters the steady-state content of hepatic HBV mRNA by a posttranscriptional mechanism in vivo, that this effect is mediated by TNF-oi, and that it probably reflects increased cytoplasmic degradation of the viral transcript.
Hepatitis B virus (HBV)-induced viral hepatitis is a necroinflammatory liver disease that is thought to be initiated by a class I-restricted cytotoxic T-lymphocyte (CTL) response to HBV antigens expressed by infected hepatocytes (4, 23, 25) . It has been suggested that the same T-cell response may also play an important role in viral clearance (15, 21) . Indeed, it is possible that the immunopathological and antiviral effects of the CTL response could be due either to the direct cytopathic effect of the CTL for HBV-infected hepatocytes or to the action of antigen-nonspecific mediators that they and other inflammatory cells contribute to the inflammatory milieu in the infected livcr.
We have recently begun to explore the relative contributions of these direct and indirect pathways to viral clearance and disease pathogenesis in HBV-infected patients and in HBVtransgenic mice. We have shown that patients with acute viral hepatitis who successfully clear the virus develop a strong class I-and class II-restricted T-cell response to multiple HBVencoded antigens (23, 25) , while these responses are absent or greatly diminished in patients with chronic hepatitis who do not clear the virus (23, 25, 28) . We have also shown that all of the histopathological manifestations of acute viral hepatitis can be reproduced experimentally following the injection of class I-restricted, hepatitis B surface antigen (HBsAg)-specific CTL into HBsAg-positive transgenic mice and that both direct and indirect cytokine-mediated mechanisms play important roles in the natural history of this disease (1, 2, 24) .
Accordingly, we became interested in the possibility that hepatocellular HBV gene expression might be altered by one or more of the inflammatory cytokines that are likely to be produced by the antigen-specific T cells in the liver or by the antigen-nonspecific inflammatory cells that they recruit. Using a transgenic mouse model in which the HBV 2.1-kb major envelope antigen transcript is expressed at high levels by hepatocytes under the transcriptional control of its own promoter-enhancer elements, we recently reported that tumor necrosis factor alpha (TNF-ox) administration causes a substantial, noncytopathic decrease in the intrahepatic steady-state content of HBV mRNA (15 have recently shown that interleukin-2 (IL-2) is also capable of downregulating HBV mRNA in the transgenic mouse liver and that the IL-2 effect can be blocked completely by the prior administration of antibodies to TNF-ox (18). In the current study, we examined the intracellular mechanisms that might be responsible for this effect.
MATERIALS AND METHODS
Transgenic mice. The HBV transgenic lineage pFC80-219 used in these studies was produced by microinjection of a 12.9-kb HindIII-PstI fragment excised from plasmid pFC80 that contains four complete HBV genomes (ayw subtype) linked in a tandem head-to-tail orientation at the HBV EcoRI site of pBR322 (15) . Structural analysis of the integrated transgene reveals that it is integrated at a single site in the mouse genome and that at least one complete, uninterrupted HBV genome is present. These animals express highly reproducible levels of the HBV 2.1-kb mRNA in their hepatocytes under the transcriptional control of the HBV surface promoter. As illustrated in Fig. 1 (15) , followed by extraction by the acid-guanidium phenol-chloroform method (8) . Northern blot analysis of total RNA was performed by standard procedures as previously described, and RNA was hybridized to HBV and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sequences as described elsewhere (15) .
(ii) Preparation of nuclear RNA. Nuclei were prepared according to the procedure of Schibler et al. (35) . Briefly, liver samples were homogenized by 10 strokes in a Potter-Elvehjem tissue grinder in 5 (iii) Preparation of cytoplasmic RNA. Livers were homogenized by 10 strokes in a Potter-Elvehjem tissue grinder in buffer A (60 mM KCl, 15 mM NaCl, 0.15 mM spermine, 0.5 mM spermidine, 14 mM 2-mercaptoethanol, 0.5 mM EGTA, 2 mM EDTA, 0.3 M sucrose, 15 mM Tris Cl [pH 7.5]). The homogenate was immediately centrifuged at 10,000 x g for 2 min to precipitate the nuclei. The supernatant was diluted fivefold with acid-guanidium solution, and the RNA was purified by the acid-guanidium phenol-chloroform method (8) . RNasin, 10 U of T7 RNA polymerase) for 1 h at 37°C. DNase I (10 U) was added, and the incubation continued for another 30 min. The full-length transcribed fragments were separated by electrophoresis into a denaturing (8 M urea) 6% polyacrylamide gel in Tris-borate-EDTA buffer according to standard procedures. Bands visualized under UV illumination after ethidium bromide staining were excised, and the RNA fragments were eluted overnight at room temperature in 1 ml of 100 mM sodium acetate (pH 5.2).
(iii) Hybridization. Cytoplasmic RNA (10 jig) or nuclear (33) . Membranes were hybridized with the labeled transcripts in 5 ml of fresh hybridization buffer for 20 h at 65°C. Equal numbers of counts per minute per membrane (typically between 5 x 106 and 10 ) were used for each set of hybridizations. Membranes were washed first in 2 x SSC-0.1% SDS and then in 0.2x SSC-0.1% SDS at 65°C and exposed for autoradiography.
RESULTS
Kinetics of the effect of IL-2 on hepatic HBV 2.1-kb mRNA in vivo. Total liver RNA prepared from animals injected with IL-2 or saline was analyzed by Northern blotting with an HBV-specific probe. As we have previously shown (18), the steady-state content of the HBV 2.1-kb mRNA in the liver is reduced by approximately 70 to 80% (estimated densitometrically by comparison with saline-injected controls) relative to GAPDH mRNA, which is unaffected by IL-2 administration (Fig. 2A) . These livers served as the source of total, cytoplasmic, and nuclear RNAs employed in all subsequent analyses.
Analysis of HBV S promoter activity. The activity of the HBV S gene promoter that controls the 2.1-kb HBV mRNA transcription rate was assessed by nuclear run-on analysis. Livers were harvested 2, 6, and 16 h after the i.p. administration of 100,000 U of IL-2. Control animals (0) were injected with saline, and the livers were harvested after 16 h. Probes were prepared by random priming of HBV and GAPDH DNA fragments as described in the text.
(B) Nuclear run-on transcription analysis of liver nuclei prepared from transgenic mice that had been injected i.p. with 100,000 U of IL-2 2, 6, or 16 h earlier or with saline (0) as described in the text. Radiolabeled nuclear RNAs from the transcription assay were hybridized to GAPDH, HBV, and pBluescript II (BSII) sequences bound to nitrocellulose as described in the text. HBV A and HBV B divide the HBV 2.1-kb mRNA region into approximately equal halves, as illustrated in Fig. 1 .
Liver nuclei from IL-2-and saline-injected animals were isolated, and native transcripts were elongated in vitro in a run-on experiment. The newly elongated transcripts were hybridized to HBV S-region, HBV X-region, GAPDH, and control plasmid pBluescript II SK+ sequences prebound to the hybridization membranes. Despite the major decrease in hepatic HBV mRNA content observed by Northern blot analysis 16 h after IL-2 injection, the HBV-specific signal was unchanged at all time points in the run-on experiments (Fig. 2B) , indicating that the transcriptional activity of the HBV S promoter was not affected by the injected cytokine. Furthermore, no differences between the hybridization signals of the HBV S region and the HBV X region were observed at any time point after cytokine injection, indicating that the elongation of the 2.1-kb transcript was not blocked along the HBV genome. As expected since there were no changes in GAPDH transcript abundance, hepatic GAPDH promoter activity was also unaffected when examined in the same experiment (Fig. 2B) . The absence of a signal with the control plasmid pBluescript II SK+ indicates that the experiment was performed under sufficiently high stringency conditions to minimize nonspecific cross-hybridization with cellular sequences in this experiment.
Analysis of the intracellular processing of the 2.1-kb HBV mRNA. To analyze the influence of IL-2 administration on the intracellular processing of the 2.1-kb HBV mRNA, we examined nuclear and cytoplasmic RNA from treated and control animals for the relative contents of HBV and GAPDH transcripts by RNase protection with antisense RNA probes. As illustrated in Fig. 3 , the 160-nucleotide-long HBV-specific protected fragment was selectively reduced in the cytoplasmic compartment 16 h after injection of IL-2, corresponding to the decrease in the 2.1-kb HBV mRNA detected in total liver mRNA at that time point (Fig. 2A) . In contrast, the 113-nucleotide-long GAPDH-protected fragment was unchanged in either compartment. The slight sample-to-sample variation in the nuclear compartment is probably due to technical factors, since it was not observed in a duplicate experiment (data not shown). The unchanged nuclear content of HBV mRNA observed by the RNase protection assay independently confirms the results of the run-on experiments which, together with the profound decrease in HBV cytoplasmic mRNA, suggest that the effect of IL-2 is posttranscriptional and that it occurs in the cytoplasm.
Analysis of HBV 3'-end formation. Having demonstrated differential intracellular responsiveness of HBV transcripts to IL-2 administration when compared with cellular GAPDH transcripts used as an internal standard, we evaluated the relative efficiency of HBV transcript maturation in IL-2-treated and control mice. To this end, we assessed the relative efficiency of 3'-end formation of the 2.1-kb HBV transcript by comparing the amount of HBV mRNA terminating at the HBV polyadenylation site with the amount of HBV mRNA that extends past that site, representing read-through transcripts, in nuclear and cytoplasmic RNA from the IL-2-treated animals and saline-treated controls (Fig. 4) . To distinguish between these two RNA species, we generated a 401-nucleotide (including plasmid flanking sequences) antisense RNA probe that overlaps the polyadenylation site of the HBV genome. This probe, when used in an RNase protection assay, can protect a 158-nucleotide (short) HBV RNA fragment if the HBV transcripts terminate at the polyadenylation site or a 289-nucleotide (long) RNA fragment if HBV transcripts extend beyond (read through) the HBV polyadenylation site. If IL-2 causes decreased recognition of the HBV polyadenylation signal, the abundance of the short fragment should decrease in the nuclear compartment, while the amount of the long RNA should increase to a commensurate degree. In fact, however, no changes were observed in either the long fragment or the short fragment in the nuclear compartment at any time after IL-2 administration. In contrast, the short fragment was greatly reduced in the cytoplasmic compartment 16 h after IL-2 injection. The data indicate that recognition of the HBV polyadenylation signal is not affected by IL-2 administration.
The reduced abundance of the short fragment in the cytoplasm confirms the observations presented on Fig. 3 with a different HBV-specific probe and further suggests that posttranscriptional events located in the cytoplasm mediate the negative effect of IL-2 on hepatic HBV mRNA. Note that this assay addresses the relative efficiency of the polyadenylation site recognition. Absolute evaluation would require the determination of the individual stability of both read-through and polyadenylated species, which is not achievable in this system.
DISCUSSION
We have previously shown that TNF-ao downregulates the steady-state content of hepatic HBV 2.1-kb mRNA in vivo in HBV transgenic mice whose HBV gene expression is controlled by the natural viral promoter (15) . Recently, we have shown that IL-2 has the same effect as TNF-co in vivo but that it is more efficient even though it operates by a TNF-otdependent pathway (18). We have also reported (15, 16) that in HBV transgenic mice, lipopolysaccharide (LPS) downregulates the hepatic steady-state content of a slightly longer (2.4-kb) HBV envelope region mRNA, the transcription of which is controlled by cellular metallothionein or albumin rather than HBV promoters (6, 7) .
The mechanism(s) responsible for these changes is a matter of considerable interest for fundamental reasons and, potentially, for therapeutic purposes as well. In our early studies (15), we observed that the transgene-derived, metallothioneindriven HBV transcript decreased in the transgenic mouse liver after LPS administration at the same time that the endogenous cellular metallothionein transcript was induced, as it does during the hepatic acute-phase response that is known to be activated by LPS (9) . The observation that HBV transcripts could be similarly downregulated while under the transcriptional control of different promoters (15) suggested to us that HBV gene expression might be susceptible to regulation by inducible, posttranscriptional mechanisms that could lead to changes in HBV mRNA stability. Accordingly, in the current studies using transgenic mice that express the same HBV mRNA under the transcriptional control of the natural viral regulatory elements, we systematically examined the various steps involved in hepatic HBV mRNA synthesis following IL-2 administration in order to identify the molecular basis for this effect.
Since nuclear run-on analysis revealed that the transcription rate of the HBV S promoter was unaffected at all time points after IL-2 injection (Fig. 2B) , despite a major decrease in the abundance of the corresponding mRNA ( Fig. 2A) , it would appear that the negative effect of IL-2 on HBV gene expression occurs at one or more steps after transcription initiation.
Accordingly, we asked whether the decreased HBV mRNA might reflect abortive transcript elongation due to polymerase stalling or arrest, which would cause a block in transcription. This phenomenon has been observed for several viral (20, 30) and cellular genes (3, 5, 13, 26) , especially when extreme changes are required in the level of a particular transcript, such as occurs with c-myc during cellular differentiation (22, 27) or with c-fos during cellular proliferation (13) . The evidence suggests that IL-2 does not induce a block in elongation of the 2.1-kb HBV transcript. Specifically, the run-on signals generated by HBV-specific probes which divide the 2.1-kb transcription unit into approximately equal upstream and downstream portions are both unaffected by IL-2 (Fig. 2B) . Additionally, there was no change in the amount of intranuclear HBV RNA detected by RNase protection analysis when either an internal probe (Fig. 3) or an extreme 3'-end HBV probe was used (Fig.   4 ), suggesting that transcript elongation extended to the polyadenylation site despite the decrease in hepatic HBV mRNA content following IL-2 injection.
The next step in HBV mRNA biosynthesis that we examined was maturation of the RNA by the proper recognition of its 3' extremity, polyadenylation, and removal of intervening sequences. The possibility that IL-2 might impair HBV mRNA polyadenylation is interesting because recognition of the HBV polyadenylation signal is conditional upon the presence of upstream cis-acting sequences in the transcript (31) (Fig. 4) .
Thus, we believe the results of these experiments suggest that the transcriptional and maturation processes of the HBV 2.1-kb RNA are not affected by administration of IL-2. Consequently, the reduced level of the HBV 2.1-kb transcript in the cytoplasmic compartment is likely to be the result of an increased rate of the degradation of this transcript. Unfortunately, direct assessment of the mRNA degradation rate is not achievable in vivo by the traditional in vitro approaches such as pulse-chase labeling with radiolabeled nucleotide (17) or global transcription shutoff with actinomycin D (29) .
In related in vitro experiments, we have shown that the regulatory effects of IL-2 and TNF-a are not observed when they are added to primary cultures of transgenic hepatocytes (unpublished observations), thereby precluding a direct assessment of HBV message stability in response to these cytokines. The reason for the striking difference between the in vivo and in vitro effects of these cytokines remains unclear. One possibility is that they induce another cytokine(s) in vivo that ultimately activates the hepatocellular gene(s) that presumably decreases the HBV mRNA content of the cell. Alternatively, the altered differentiation state that rapidly occurs when primary hepatocytes are placed in culture might make them refractory to signals to which they are normally responsive in vivo. Thus 
